Abstract. Studying the "warming hole" in the eastern United States can help us understand the warming' mechanisms and its relationship with nature climate variability. Here we explored the relationships between the calculation of trends and the selected time window and between the "warming hole" and AMO, PDO and IPO, along with the temporal variability for 30 years running temperature trends in America and the North Atlantic. We also evaluated the ability of 21 CMIP5 climate models to simulate the "warming hole" and AMO in the twentieth century and conducted the twenty-first-century "warming hole" and AMO projections for two future emission scenarios based on the known uncertainty in CMIP5 twentieth-century simulations. The results indicate that the selected time window has a great impact on the calculation of trends, the observed United States warming hole is closely associated with AMO, PDO and IPO, the temporal variability for 30 years running temperature trends in America and the North Atlantic is sinusoidal and has a 67-yr cycle and that most CMIP5 models simulate significantly lower relative power in AMO than observed. The results also show that GFDL-ESM2G, MIROC-ESM and CanESM2 from 19 CMIP5 models have the best performances in capturing features related to the twentieth-century "warming hole" and that there is about 10% chance in a PCR4.5 scenario and no chance in a PCR8.5 scenario for the warming hole's reappearance in the twenty-first century.
Introduction
Global warming issues have already become a hot topic in recent years and the research in this area of concern is also growing. However, some researchers found that the temperature trend or the warming rate is negative in the eastern United States. The so-called "warming hole" is the negative temperature [1] . Studying the "warming hole" can help us understand the warming' mechanisms and its relationship with nature climate variability.
A lot of explanations in theory about the attribution of the "warming hole" have been suggested. Some studies attributed the "warming hole" in America to the aerosol effects, soil moisture, land surface processes, SST and the positive low-level moisture convergence. Other studies showed that the formation of the "warming hole" in America is related with internal dynamic variability [2] , the change in cumulus clouds [3] , large scale circulation modes [1] . However, most of these previous studies study the temperature trend for a fixed time window and the selected time window has a great impact on the calculation of trends.
Here we analyzed 30 years running temperature trends using a sliding window. So far few studies have employed this method to study the "warming hole". Firstly, we explored the relationship between the calculation of trends and the selected time window. Secondly, we investigated the temporal variability for 30 years running temperature trends. Thirdly, we studied the U.S. warming hole's relationship with the Atlantic Multidecadal Oscillation (AMO), Pacific Decadal Oscillation (PDO) and Interdecadal Pacific Oscillation (IPO). Fourthly, we evaluated the ability of CMIP5 climate models to simulate the U.S. "warming hole" and the AMO in the twentieth century. Finally, we conducted the twenty-first century "warming hole" and AMO projections based on the known uncertainty from the twentieth-century "warming hole" and AMO simulations for two future Representative Concentration Pathways (RCPs) scenarios (a stabilization scenario (RCP4.5) and an increasing scenario (RCP8.5)).
This study is organized as follows. The data and methods used are described in section 2. Section 3 gives results, and a summary discussion and conclusions are presented in section 4.
Data and Methodology

Data
This study analyzed 21 CMIP5 climate models listed in Table 1 
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Model name HadCM 3 The temperature observations were from the Climatic Research Unit time series version 3.23 (CRU TS3.23) data [4] . CRU TS3.23 data from 1901 to 2014 were downloaded and its resolution is a 0.5º × 0.5º. The AMO index is defined as the difference between the SST averaged over 25º-60ºN, 7º-75ºW and the regression on global mean temperature [5] .
Methodology
To interpolate all temperature data to a 2.5º × 2.5º grid, a conserve interpolation method and a bilinear interpolation method were employed. The ratio of power of the 2th Fourier harmonic to average power of residual harmonics is called Hartley's statistics for second harmonic. The lower and upper bounds of 95% uncertainty range are referred to as the 5th percentile and 95th percentile, respectively. The Nash-Sutcliffe efficiency (NSE) could demonstrate a perfect model, a positive skill and a negative skill when its value is 1, greater than 0 and less than 0, respectively.
The Theil-Sen approach (TSA) was used to calculate the magnitude of trends. If x 1 , x 2 , . . . , x n belongs to a time series X t with the hold of length n, then the TSA trend is given by Eq. 1:
A fast Fourier transform (FFT) was used. If y 1 , y 2 , . . . , y n belongs to a time series Y t of length n, then Eq. 2 represents y t in the frequency domain:
cos 2 tj n sin 2 tj n for n odd cos 2 tj n sin 2 tj n cos 2 t n for n even
where the a j and b j are Fourier series coefficients.
Results
Temperature Trend in the Twentieth-Century
The temperature trend's observations and simulations from CMIP5 models in America are showed in Figure 1 . The observations suggest that the temperature trend is almost negative over the eastern United States (EUS) and positive over the western United States (WUS). Whereas, the multiple CMIP5 models average for the temperature trend is positive in America. The observations also suggest that a stronger summer temperature trend exists in the north-central United States while a stronger winter temperature trend presents in the southeastern United States. Figure 2 summarizes the overall comparisons between observations and individual models for the annual mean temperature trend. The linear correlation coefficient for temperature trend among the individual CMIP5 models ranges from 0.28 to 0.73. The fraction of the modeled spatial variation pattern that can be explained by the observed spatial pattern ranges from 20% to 82% among the 19 CMIP5 models. The linear distance between the reference point and each point shown in Figure 2 is far. Obviously, there is not overall good agreement between CMIP5 models and the observation, and model differences are large. These results suggest that the ability of CMIP5 climate models to simulate the "warming hole" in America may be limited or there isn't a strong correlation between the "warming hole" in America and anthropogenic forcing in CMIP5 climate simulations.
The observed temperature trend is positive for the entire region during 1911-1940, and positive over the WUS and negative over the EUS during 1941-1970. During 1971-2004, a week negative observed temperature trend shows in the northern central United States in summer and is replaced by a positive temperature trend in winter. These results suggest that the observed temperature trend varies greatly with time and space and that the selected time window has a great impact on the calculation of trends. Therefore, it is necessary to investigate trend variability aspect next. Figure 3 shows 30 years running temperature trend's temporal variability for observations and simulations. In Figures 3a and 3c , 30 years running temperature trend curves are sine curves and have a roughly 65-yr cycle. The multi-model ensemble median's sign is consistent with the observed' sign, but its magnitude is smaller than the observed' magnitude. The observed curves mostly are bracketed by the 95% uncertainty range. This result suggests that multi-model ensemble median reproduces the observed 30 years running temperature trend, that is, there is some fidelity in the model simulations. In Figures 3b and 3d , 30 years running temperature trend difference curves for the observations are sine curves and have a roughly 65-yr cycle. However, the multi-model ensemble median are mostly zero. The 95% uncertainty range almost remains unchanged. These results suggest that some internally generated natural climate signals play an important role in the forming of the "warming hole", but they can't synchronize well across different climate simulations so that these signals are muted in the multi-model ensemble median. About half of ensemble members show statistically significant power in the second harmonic ( Figure 5 ). Only 4 out of 111 ensemble members in summer are above the reference line and only 1 out of 111 in winter are above the reference line. Hence, we can say that most models simulate significantly lower relative power in the North Atlantic multidecadal oscillations than observed.
Only five models show an overall positive skill in simulating the warming hole-related features. Six models show show higher power in the second harmonics relative to other harmonics. Three out of these six models (GFDL-ESM2G, MIROC-ESM and CanESM2) show an overall positive skill in simulating the warming hole-related features. These results suggest that only few CMIP5 models have the best performances in capturing features related to the "warming hole" and the relative power in the second harmonic is a good indicator of model skill in simulating the "warming hole". The twenty-first-century climate projections are made based on the known uncertainty from the twentieth-century "warming hole" and AMO simulations.
Temperature Trend in the Twenty-first Century
30-yr running temperature trends from CMIP5 twenty-first century climate projections in the RCP4.5 and RCP8.5 scenarios are plotted for the North Atlantic (not shown) and the EUS (Figure 6 ). The 30-yr running temperature trends keep declining in the RCP4.5 scenario and rising in the RCP8.5 scenario. 10% of the shaded region are below the zero lines and they appear in the latter half of the twenty-first century in the RCP4.5 scenario, which are associated with CO 2 stabilization. 0% of the shaded region are below the zero lines in the twenty-first century in the RCP8.5 scenario. These results indicate that for the warming hole's reappearance in the twenty-first century, there is about 10% chance in a PCR4.5 scenario and no chance in a PCR8.5 scenario.
Conclusions
The ability of CMIP5 climate models to simulate the "warming hole" may be limited. Multidecadal variability of the twenty century temperature trend is sinusoidal and has a 67-yr cycle. CMIP5 simulations capture the observed temperature trend' sign, but they have a conservative magnitude estimate. There is some reliability in CMIP5 simulations. 30 years running east-west temperature trend difference in CMIP5 simulations is not a good metric to study the "warming hole".
EUS' 30-yr running temperature trend with the AMO, PDO and IPO are strongly correlated. The observed "warming hole" is closely associated with the multidecadal oscillation in the North Atlantic. Most CMIP5 models simulate significantly lower relative power in the North Atlantic multidecadal oscillations than observed. The relative power in the second harmonic is a good indicator of model skill in simulating the "warming hole". The appearance or disappearance of the "warming hole" in America in the twenty-first century relies on the future emission scenarios.
